The rapid development of the engineered nanomaterial (ENM) manufacturing industry has accelerated the incorporation of ENMs into a wide variety of consumer products across the globe. Unintentionally or not, some of these ENMs may be introduced into the environment or come into contact with humans or other organisms resulting in unexpected biological effects. It is thus prudent to have rapid and robust analytical metrology in place that can be used to critically assess and/or predict the cytotoxicity, as well as the potential genotoxicity of these ENMs. Many of the traditional genotoxicity test methods [e.g. unscheduled DNA synthesis assay, bacterial reverse mutation (Ames) test, etc.,] for determining the DNA damaging potential of chemical and biological compounds are not suitable for the evaluation of ENMs, due to a variety of methodological issues ranging from potential assay interferences to problems centered on low sample throughput. Recently, a number of sensitive, high-throughput genotoxicity assays/platforms (CometChip assay, flow cytometry/micronucleus assay, flow cytometry/γ-H2AX assay, automated 'Fluorimetric Detection of Alkaline DNA Unwinding' (FADU) assay, ToxTracker reporter assay) have been developed, based on substantial modifications and enhancements of traditional genotoxicity assays. These new assays have been used for the rapid measurement of DNA damage (strand breaks), chromosomal damage (micronuclei) and for detecting upregulated DNA damage signalling pathways resulting from ENM exposures. In this critical review, we describe and discuss the fundamental measurement principles and measurement endpoints of these new assays, as well as the modes of operation, analytical metrics and potential interferences, as applicable to ENM exposures. An unbiased discussion of the major technical advantages and limitations of each assay for evaluating and predicting the genotoxic potential of ENMs is also provided.
Introduction
The global value of engineered nanomaterials (ENMs), including nano-enabled devices and products is predicted to exceed $4.4 trillion by 2018 (1) . The rapid expansion of the nanomaterial manufacturing industry and the increasing use of ENMs in a wide variety of industrial processes and consumer products may result in the intentional or inadvertent release of these novel materials into the environment. The unique physicochemical properties of ENMs (e.g. carbon nanotubes and metal/metal oxide nanoparticles, etc.) that make these new materials particularly attractive for use in biology, medicine, drug development, agriculture and in other fields, require that their potential biological effects (e.g. toxicity, alteration of cell signaling pathways, etc.) are fully characterised and/or predictively modelled in environmental and biological systems as accurately as possible (2) . This vast research effort, known as nanotoxicology, necessitates the development and application of rapid, robust and reproducible protocols and assays applicable for ENM hazard and risk assessment. Both in vitro and in vivo quantitative assessments of potential cytotoxic and genotoxic responses generated from ENM exposures to cells and tissues are ultimately required in order to obtain the full compendium of data necessary to inform unbiased nanosafety risk assessments and regulatory decision making (3) .
However, the current status of nanotoxicology, what we currently know and can confirm, cannot contend with the vast numbers of ENMs that make their way to the market (4) . Moreover, solely using in vivo assessments, which are the gold standard in ENM hazard assessments, can have ethical and cost limitations; thus accurate and predictive in vitro assays are of great importance (5) . Still, traditional in vitro toxicity evaluations consist of one parameter or treatment at a time, an approach which is highly ineffective and time consuming. Highthroughput and high content nanotoxicity assays can overcome this limitation by providing more data and endpoints to understand potential outcomes and prioritise hazardous materials (6) . Implementing high-throughput/content assays will enable assessment of structurebioactivity relationships that may result in a deeper understanding of ENM toxicity and reduce the need for costly animal studies (3) .
Due to the vast numbers, types and formulations of ENMs being manufactured on an industrial scale and in academic laboratories, there is a critical need to rapidly characterise these materials in terms of their physicochemical attributes and biological activities. There are very few assays that have been specifically designed for evaluating the cytotoxicity or genotoxicity of ENMs; in fact, the current paradigm is to adapt and modify existing assays that have been developed for chemical toxicity and apply those assays to the evaluation of ENMs (7, 8) . Unfortunately, this does not work seamlessly and often the resulting toxicity mechanism is obscured or the resulting data are flawed by artefacts due to ENM interference with components in the assay or the assay readout (9, 10) . However, one excellent example demonstrating the steps required for properly modifying a biological cytotoxicity assay for use with ENMs was recently reported (11) . In this work, the authors described a successful approach for optimizing and modifying the control parameters of the highly utilised 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) cell-viability assay to make it suitable for testing the cytotoxicity of ENMs in a 96-well plate format. However, assays similar to this in which the mechanism of toxicity is well characterised and understood, that are conducted on a high-throughput platform and that are capable of producing high-quality, reproducible and archivable data are challenging to develop and even more difficult to validate.
Genotoxicity hazard and risk assessment is an increasingly integral part of ENM safety evaluations. The mechanisms by which ENMs have the possibility of interacting with the genetic machinery and causing gene mutations, chromosomal aberrations and/or general damage to DNA are numerous and include both direct and indirect modes of action. Briefly, non-functionalised ENMs of a certain size (e.g. ≤ 9 nm in diameter) may directly interact with nuclear DNA following transportation through nuclear pore complexes (12) (13) (14) or with DNA and/or the spindle apparatus when the nuclear envelope breaks down during mitosis. ENMs that have entered the cell nucleus may also produce reactive oxygen species (ROS) that can directly damage DNA. In particular, ENMs composed of transition metals may catalyze (via Fenton reaction chemistry) the production of hydroxyl radicals (
• OH) which are potent DNA, as well as protein and lipid, damaging agents (15, 16) . Probably the most established mechanism by which ENMs have the potential to produce genetic damage is via their capacity to induce oxidative stress (17) . Exposure to ENMs may result in systemic inflammation and the resulting 'oxidative burst' in response to the inflammation may lead to the further production of DNA damaging ROS. The biological mechanisms through which ENMs have been shown or postulated to induce DNA damage have been thoroughly described in several recent reviews (9, (18) (19) (20) (21) and will not be further expanded upon here. ENM-induced genotoxicity can manifest as point mutations, clastogenicity, aneugenicity, aneuploidy, DNA adducts, modifications or strand breaks (SBs), DNA replication interference or in the inhibition of DNA repair, among other aberrations (20, 22, 23) . Some of these endpoints are associated with increased cancer risk and other adverse health effects. The characterisation and measurement of these genotoxicological endpoints requires a battery of mechanism-based, high-throughput robust assays/methods (24, 25) . No single genotoxicity assay by itself can be used to compare, rank and predict the genotoxic potential or even determine and validate the biologically relevant results for all of the different types of ENMs that are currently available and forms of DNA damage that may arise.
The alkaline comet assay and the micronucleus (MN) assay are the methodologies most commonly utilised for measuring, characterizing and predicting the genotoxicity of ENMs (25) (26) (27) (28) (29) (30) . In their traditional or partially automated formats, the comet and MN assays can be considered low to medium throughput at best, in terms of sample capacity, as well as in terms of sample analysis. The γ-H2AX staining assay (31) (32) (33) and the 'Fluorimetric Detection of Alkaline DNA Unwinding' (FADU) assay (34) (35) (36) (37) are also low to medium throughput assays which have commonly been used to detect and measure the DNA damaging potential of chemical agents, but are now being applied to the determination of the genotoxicity of ENMs (38) (39) (40) (41) (42) . All these assays have been successfully applied in genetic toxicology (in vitro and in vivo), population biomonitoring, ecotoxicology, DNA damage and repair research and/or in cancer risk assessment for potential chemical and biological genotoxins. One of the most recent additions to the current suite of genotoxicity assays is the ToxTracker reporter assay (43) . This assay provides a distinct, alternative measurement of genetic damage by identifying cell signalling pathways that are activated following chemical exposure.
Over the last decade, these established genotoxicity assays and associated instrumentation have been substantially modified and optimised so that the assays now incorporate standard 96-well plates (or 384-well plates) and/or flow cytometric sample processing/detection, along with fully-automated data processing and image analysis that give increased sample capacity and throughput, and are less labourintensive. This review focuses on the five new high-throughput versions (CometChip, flow cytometry/MN, flow cytometry/γ-H2AX, automated FADU, ToxTracker reporter) of the established assays and their specific features and advancements that allow for efficient measurement of DNA damage, chromosomal damage or DNA damage signalling induced by ENMs. For each of the new high-throughput genotoxicity assays and platforms, a general overview of the established or traditional assay methodology is given initially, followed by a detailed description and discussion of the fundamental measurement principles and endpoints, general operating procedures, measurement sensitivity and potential measurement interferences as applied to ENMs. Finally, an unbiased discussion of the major technical advantages and limitations of the assays for evaluating and predicting the genotoxic potential of ENMs is also provided in each section.
The CometChip platform
The comet assay is one of the most widely used assays for evaluating DNA damage associated with ENM exposures with more than 100 published papers utilizing this technique (44) . The core principle of the comet assay is based on damaged DNA migrating more readily in an agarose matrix than intact supercoiled DNA under electrophoretic conditions (45, 46) . After lysis of agarose-embedded cells, DNA remains connected in a supercoiled matrix called a nucleoid. During electrophoresis, supercoiled or undamaged DNA remain in the nucleoid core whereas broken or relaxed DNA strands migrate towards the anode creating a structure resembling a comet. The comet tail length and intensity are indicators of the level of injury incurred by cells either by direct or indirect insults to the DNA.
There are two types or versions of the comet assay that are commonly utilised-the alkaline and the neutral comet assay. The alkaline comet assay enables the detection and measurement of single strand breaks (SSBs), alkali sensitive sites (ALS) and abasic sites, whereas the neutral comet assay has been shown to be effective in detecting both single and double strand breaks (DSBs) (47, 48) . Modifications of the comet assay to detect various base lesions using lesion specific enzymes allows higher sensitivity, specificity and potentially the identification of the damage i.e. oxidative stress (49) .
Most labs use image analysis software to score imaged comets individually using common parameters of DNA damage such as tail length, the percent DNA in tail (% tail DNA) and the tail moment (the product of the tail length and the fraction of total DNA in the tail). Although some researchers prefer the tail moment as a common descriptor, the percent tail DNA is the most common metric (50) . Although widely accepted, the traditional comet assay tends to be laborious and can have high sample-to-sample variation due to use of separate glass slides and scoring differences between individuals (51). The low throughput and poor reproducibility of the traditional comet assay make it difficult to conduct comprehensive investigations that are needed for evaluating not only multiple ENMs, but also the potential effects from multiple physicochemical properties (e.g. size, charge and shape) (52) with this particular assay.
There have been many different approaches for enhancing the sample throughput of the traditional comet assay (53) . Some of these approaches represent slight adaptations of the traditional assay while some approaches have required considerable assay modification and complex sample preparation steps (53) . For example, the comet assay throughput can be increased by using 12 mini gels per glass side instead of the normal two gels per glass slide (54) . The increase in the number of gels/slide requires fewer cells and smaller sample volumes to perform the assay. A recent trend is the use of mini gels placed onto polyester plastic films (Gelbond ® ) instead of onto glass slides (55) (56) (57) . These films do not need precoating with agarose prior to sample application, the films do not break and after electrophoresis, the films can be fixed and stored for at least 1 year before rehydration and staining (57) . Using these plastic films, 12-, 48-and 96 mini gels/film can be prepared and processed; 384 mini gels can be processed in total if four films containing 96 mini gels/film are placed into one large electrophoresis tank. A potentially more complex version of the 96 mini gels/film format based on multichamber microtitre plates has also been reported in the literature (58, 59) . In this instance, sample processing involved separating the walls of a multichamber plate from the bottom of the plate enabling fully automated comet scoring at greater efficiency (60) .
In light of the need for nanotoxicity tools capable of providing high-throughput quantitative measurements of genotoxicity, this section describes the utility and versatility of the CometChip, a 96-well microfabricated high-throughput platform for determining ENMmediated DNA SSBs in single cells (52) (Figure 1 ). The CometChip platform was developed at Massachusetts Institute of Technology (MIT) in the Engleward laboratory (61) (62) (63) . Originally designed to assess chemical-and radiation-induced genotoxicity, the system now enables researchers to detect and measure abasic sites, DNA-DNA or DNA-protein crosslinks, SSBs and DSBs generated by ENM exposures. With slight modification to allow for ENM-cell interaction, the CometChip platform allows parallel processing of different types of ENM exposures in one experiment which greatly reduces work load, enhances productivity and reduces experimental variability (61) . In a recent study examining the consistency and sensitivity of the CometChip system, the calculated inter-sample coefficient of variation (CV) was 5-10% (64) . Conversely, the inter-sample CV can be as high as 15-30% using the traditional comet assay (61, 65, 66) . Thus, the CometChip platform provides the high-throughput capacity and reproducibility required to determine and rank ENM genotoxic potential by investigating multiple ENM properties concurrently. The platform's versatility also allows for the detection of other forms of DNA damage such as oxidatively modified bases using DNA repair glycosylases (67) . The next section is an overview describing the application of the CometChip platform to assess the genotoxicity of ENMs.
CometChip preparation and application
The CometChip enables the simultaneous evaluation of multiple ENM exposures by using a microwell array ( Figure 1A ). This feature is achieved by using a polydimethylsiloxane (PDMS) negative mold or stamp that has arrayed micropillars for patterning microwells within molten agarose. The PDMS stamp is placed into 1% (mass fraction) normal melting point agarose applied to a gel bond film positioned in a square petri dish and allowed to set for 30 min. The stamp is removed after the agarose polymerizes revealing a 300-μm thick gel containing the arrayed microwells. To create separate treatments or ENM exposures, a bottomless 96-well plate can be attached to the agarose gel/film using mechanical force.
An important aspect of ENM-cell interactions and experiment-toexperiment reproducibility is the standardisation of the colloidal preparation procedures. Sonication, which minimizes formed agglomerate size, is a well-known method for dispersing ENMs before diluting into the appropriate cell culture media for cell exposure (68) . Likewise, colloidal characterization using dynamic light scattering (DLS) or other methods are equally important to determine the hydrodynamic diameter, zeta potential, conductivity and other parameters of the formed agglomerates. To ensure adequate ENM-cell interactions, with either adherent or suspension cell lines, exposures are performed in a separate 96-well plate at the desired exposure duration. A multichannel pipette is used to transfer the exposed cells into the CometChip, where one or more cells are captured in each microwell by gravitational settling. A thin layer of molten agarose is applied to the gel providing a protective coating for the nuclei during electrophoresis. The gels are neutralised and stained using common DNA fluorescent binding dyes such as SYBR Gold, then imaged using an automated fluorescent microscope. The collected images are then scored using MATLAB or another commercially available comet scoring software.
Comparison of the CometChip and the traditional comet assay-image acquisition and scoring
Imaging the CometChip involves acquiring images of each condition/ well using a fluorescent microscope coupled to an automated stage. Fluorescent microscopes are standard instruments in most laboratories, however stage automation or fully automated imaging systems may not be available, which may reduce throughput and subsequently diminish the utility of the CometChip platform. However, upgrading or retrofitting a standard fluorescent microscope with an automated stage can be done at little cost. Given the format of the traditional comet assay, where individual mini gels exist on one slide and comets may lie on various focal planes, imaging can be tedious. A salient feature of the CometChip is the microfabricated design and arrayed format, which positions comets in one focal plane providing at least 50 comets when using the 4× objective. This aspect of the CometChip reduces imaging time and significantly improves data analysis by 100 fold (64) .
Recently, automated scoring software such as OpenComet or CellProfiler, have significantly evolved, reducing imaging analysis time and potentially user bias associated with the traditional comet assay (69, 70) . Although automated scoring software is available now for the assessment of the traditional comet assay, overlapping and out of focus comets can decrease the number of measureable comets, as each comet requires its own image; therefore numerous replicates are required for statistical analysis. Images obtained from the CometChip are scored or analyzed using customised MATLAB software, which allows the identification of head/tail transitions, comets specifically within the arrayed area, and the quantification of DNA damage in each comet. For example, two images at the 4× objective provides 100 comets for scoring, whereas 50 images would be needed from individual slides of the traditional comet assay. As slide-to-slide variation due to different experimental conditions (i.e. buffer preparation) can be an issue, variability within the traditional comet assay has been reported (71) .
Key advantages and limitations of the CometChip technology
A major advantage of the CometChip platform is the microfabrication/arrayed design, which allows for the concurrent evaluation of several types and concentrations of ENMs. The CometChip platform was successfully utilised to determine the genotoxic potential of five industrially relevant ENMs [zinc oxide nanoparticles (ZnO NPs), silver nanoparticles (AgNPs), cerium oxide nanoparticles (CeO 2 NPs), iron oxide nanoparticles (Fe 2 O 3 NPs), and amorphous silica nanoparticles (SiO 2 NPs)] in two different cell lines: H9T3 Chinese hamster ovary adherent cells and TK6 human lymphoblastoid suspension cells (52) . In agreement with previous studies (72), significant levels of SSBs (~80% DNA in tail) were found in the TK6 cells after 4 h exposure to ZnO NPs (20 μg/ml). At the same concentration, exposure to AgNPs resulted in less SSBs (~20% DNA in tail) in TK6 cells. The observed differences in the genotoxic profiles for ZnO NPs and AgNPs were presumably due to compensatory DNA repair mechanisms, impaired DNA repair or cell specific differences and dosimetry. Importantly, monitoring cytotoxicity is essential in genotoxicity assessments as high levels of toxicity can confound genotoxicity results. In both the ZnO NP and AgNP exposures, we observed a decline in cellular viability and proliferation of less than 30%, which is an acceptable level of toxicity when using the comet assay (73) .
A potential limitation of the CometChip platform is the high cell density required for sufficient cell loading. For 100% cell loading, it is recommended to have a cell density of 10 4 -10 6 cells, which is magnitudes higher than the traditional comet assay (74) . This density may be difficult to achieve if sample amounts and volumes are low. Moreover, some cell lines that tend to aggregate can make cell loading difficult resulting in inefficient loading and empty wells in the CometChip. Thus, additional handling or processing of these cell types is necessary before loading into the CometChip platform. While using the CometChip to measure ENM mediated genotoxicity in adherent cell lines is mostly straightforward, its use with suspension cell lines can be problematic. Separating the ENMs from the cell suspension after exposure is impossible causing potential artifacts within the CometChip gel that may interfere with imaging. Gentle washing of the CometChip with warm phosphate buffered saline (PBS) after cell loading can help alleviate this problem by rinsing away excess cells, cellular debris and residual ENMs on the gel surface. This leads to a separate, but related issue concerning residual ENMs interacting with the naked DNA or nuclei after membrane dissolution during the lysis process; a problem that has been noted with the traditional comet assay (7). However, recent studies revealed that ENMs in close proximity to naked DNA do not influence the number of strand breaks in comparison to whole cell exposures using a range of concentrations (75) . Finally, the cost of the CometChip system, complete with prefabricated gels and electrophoresis system, which is now commercially available from Trevigen may be cost prohibitive in some labs. However, when one accounts for the time saved, the amount of samples processed, and the information obtained by using high-throughput systems such as the CometChip, it may be a good investment for certain labs dealing with high sample volumes.
In totality, the CometChip platform is an important new highthroughput tool for nanogenotoxicity studies, which can help characterise the relationship between ENM physicochemical properties and potential biological responses in cells and tissues. While we have demonstrated the applicability of the CometChip system in nanogenotoxicity studies, other research areas such as nanomedicine, human biomonitoring, molecular epidemiology and drug safety fields could benefit from this robust system. High-throughput testing for potential DNA damage in human cells in clinical, epidemiological and drug development studies could provide diagnostic and/or prognostic insights into disease progression and related drug treatments.
The flow cytometry/MN assay
The in-vitro MN assay allows determination of gross chromosomal damage following exposure to an exogenous agent. The assay primarily involves scoring for micronuclei (MNi), which are manifested as miniature nuclei resulting from lagging acentric chromosomal fragments or lagging whole chromosomes, which fail to get incorporated into the main daughter nuclei during cell division. The type of chromosomal damage induced, can be identified by labelling the centromeric regions of chromosomes, whereby the centromere negative or positive MNi allows the determination of clastogenic (chromosome breakage) or aneugenic (chromosome loss) events, respectively (76) .
The in vitro MN assay is a well-established, reliable, accurate and reproducible endpoint in nano(geno)toxicology, the use of which has steadily increased over the last few decades (16, 77, 78) . However, the labour intensive and potentially subjective process of manually scoring micronuclei (MNi) has led to strong interest in developing automated systems to score MNi; a diagnostic marker for cancer in mammalian and human cells.
Out of various scoring approaches available for the assessment of the in vitro MN assay, the flow cytometry (FC) method provides the possibility of automation and high-throughput screening (79) . Flow cytometry based MN (FCMN) analysis is based on the principle that lysis of the cell membrane and subsequent treatment with a DNA-dye enables discrimination between the nucleus and the MNi based on their differential fluorescence intensities (80) .
The FCMN system enables scoring of the MNi frequency endpoint based on the analysis of ≥5000 cells (including those prepared in 96-well plates) providing rapid data acquisition thereby enhancing statistical power. This is proving to be advantageous and highly valuable not only for scoring weak genotoxins, but also for screening and determining the lowest observed genotoxic effects in non-linear doseresponses (79) . Other advantages of the automated flow cytometric techniques, besides the generation of results in a short time interval, include simultaneous measurement of various parameters including frequency of MNi, DNA distribution of MNi, cell cycle, cytotoxicity and flow sorting for further analysis of MNi. Additionally, FC has the potential to determine the mode of action for a specific genotoxic agent; namely aneugenicity versus clastogenicity based on the ability of aneugens to increase the frequency of hypodiploid nuclei (79, 81) . However, the sensitivity of aneuploidy detection is still under evaluation.
Although FC allows simultaneous exploration of multiple endpoints and its speed of analysis represent significant advantages, the FCMN methodology presents several limitations (82) particularly when used for the genotoxicity evaluation of ENMs (83) , which are discussed here in detail.
Confounding factors that interfere with MNi scoring
The use of FC for MNi analysis involves lysing the cells to release MN which can also result in the release of ENMs (sequestered within cells), nuclear fragments (from apoptotic cells/apoptotic bodies), chromosomes (in metaphase/anaphase) from cells or ENMs bound to DNA fragments, all of which could appear as false positives, thus confounding the MNi frequency results induced by a test ENM (84) (85) (86) (87) . Although there have been significant developments with regards to the incorporation of fluorescent dyes that discriminate between MNi and chromatin from apoptotic cells, contamination by fluorescent/auto-fluorescent ENMs particularly, fluorescent dye-loaded NPs, quantum dots, SWCNTs and gold clusters could potentially confound the FCMN frequency results (38, 88, 89) . Thus plausible interference and/or cross-talk between different dyes/ ENMs could pose a challenge in the interpretation of MNi data sets. However, one way to correct for potential interferences is to simultaneously combine cell cycle data with MNi data to overrule inaccuracies in the evaluation of the genotoxic effects of ENMs (90) .
Influence of ENM agglomeration on dose-response data sets
The prepared suspension of nuclei and MNi used for FC measurements can be cross-contaminated with nonspecific debris and test ENMs (during centrifugation steps), which may skew the results if they cause scatter and overlap with the MNi population within a defined FC acquisition gate. Although nonspecific debris can often be gated out with ease, the degree of ENM agglomeration, which is a function of concentration, could vary between different doses of ENM exposure. This may have to be resolved by altering the FC settings to accommodate or eliminate a distinct population comprising those agglomerates, which could cause discrepancies in the analysis of results in dose-response data sets. Indeed, agglomerates comprised of small AgNPs have been shown to interact with laser light to emit a strong far red fluorescence signal due to their capacity to undergo surface plasmon resonance (83) .
Flow cytometric versus microscopic evaluation of micronuclei frequency
Some discrepancies in the FCMN based genotoxic evaluation of ENMs may stem from the spectral properties from specific ENMs as observed by Zucker et al. (83) . In this study, the authors noted that the MNi formation frequency measured using the FCMN assay was greater than the MNi formation frequency measured by the traditional microscopybased MN assay. This increase was attributed to the far-red fluorescence increase in the 700-800 nm range (approximately 100 times the background) and the side-scattering effects of the citrate-coated AgNPs, which is particle size-dependent phenomenon (83) .
Collins et al. (82) have also observed inconsistent results between FC and standard microscopy in mouse lymphoma cells. The higher MNi frequency observed in the FC-based evaluation as compared to other automated/microscopic systems is due to the flow cytometer segregating each MN encountered as an independent event. This can be problematic as (depending on the level of insult) multiple MNi can arise in a single cell. The flow cytometry system will score each of these MNi as a separate event, whilst microscopic evaluation will score a MN positive cell as one event irrespective of whether it presents with one or more MNi (as required by the OECD guidelines). Additionally, other related nuclear anomalies, e.g. nuclear budding, which may present as a consequence to the endocytotic uptake of ENMs could go unnoticed and cannot be scored using FCMN, which otherwise could be recorded along with the MNi during visual inspection (91) .
Restriction to mononucleate cell scoring
Another challenge when using the FCMN assay is that it is not possible to discriminate between binucleate and mononucleate cells. This means that cells which present a MNi as a consequence of undergoing nuclear division will not be taken into account by the FCMN assay. This can have implications as the endocytosed ENMs whether sequestered in the cytoplasm or in the lysosomes can physically hinder or perturb cell division kinetics, which undoubtedly will go unnoticed as the FCMN assay is confined to the evaluation of MNi frequency in mononucleate cells only. Indeed, cell cycle arrest at higher concentrations of AgNP exposure as indicated by the decreased binucleate frequency have been observed, necessitating the need to scrutinise the sole reliance on FC-based genotoxic evaluation, which does not take binucleate cell scoring into consideration (92) . However, scoring for mononucleated cells has its own advantage for biomonitoring purposes as it reflects in vivo damage present before the start of cell cultures. Finally, the FCMN assay does not provide the option of reanalysing the prepared sample, if desired at a later stage, as the processed sample cannot be preserved or archived.
Key advantages and limitations of the technology
The FCMN clearly presents significant advantages by enabling the high-throughput, rapid screening of ENMs and other potential genotoxins in conjunction with multiple end-point measurement with a 2-or 3-day turnaround time. Besides genotoxicity evaluations, FCMN is also a useful tool for biomonitoring studies and can be used for rapid assessment of base-line MNi frequency in human populations as increased baseline MNi frequency has been shown by various studies (including the International Human Micronucleus (HUMN) Project), to be predictive biomarker of cancer risk (93) (94) (95) . Genomic instability arising as a result of environmental and occupational exposures to chemical and physical agents, genetic predisposition to spontaneous chromosomal damage, environment-gene interactions, adverse lifestyles factors and conditions, age, sex etc can be evaluated by means of population studies, utilising FCMN (93) .
However, currently the technology is still embryonic in terms of application to ENM testing and presents certain challenges. One of the major difficulties for FCMN assay platforms lies in discriminating MNi induction as a result of genotoxic response as opposed to the formation of ENM/apoptotic entities (79) . This can however be overcome by encompassing tests that pertain to the visual analysis of cells to generate robust, reliable and meaningful data sets and to avoid conflicting results. In conclusion, the emergence of new automated technologies such as the FCMN assay are presenting some significant advantages to the field. There remains a requirement for further modification and validation of the FCMN assay to enhance its robustness for the genotoxicity assessment of ENMs, but it is important to note that the limited data reported in the literature indicates it is a valuable advance to increase the throughput of the MN assay for screening purposes.
The flow cytometry/γ-H2AX assay
Phosphorylation of histone H2AX at serine 139 (γ-H2AX) occurs immediately after the formation of DNA DSBs in cells. When DSBs are formed, histone H2AX protein molecules, which extend over mega base-pair regions surrounding the break site, become phosphorylated within a few seconds (96) . Phosphorylation is the first step in recruiting and localizing a variety of repair proteins to DNA damage sites (97) . The γ-H2AX foci can be selectively detected via immunostaining, so that the number of γ-H2AX foci can be correlated to the number of DSBs present in the cell (98, 99) . The sensitivity and specificity of γ-H2AX immunostaining is high in comparison to other methods for measuring DSBs (98,100) and γ-H2AX immunostaining is considered one of the most reliable methodologies. DSBs are also indirectly formed by the collision of replication forks at sites for other types DNA damage (e.g. DNA adducts, DNA-DNA crosslinks, etc.,) and at DNA damage repair sites (101) . The identification and measurement of γ-H2AX levels in cells is now considered a useful and important tool for characterizing the effects of potential genotoxins in biological and medical research.
Recently, some reports showed that ENMs increase γ-H2AX levels in in vitro experiments (102) (103) (104) (105) . Metal-oxide NPs in particular, such as CuO, ZnO and NiO, etc., induced the formation of γ-H2AX foci (102, 104) . Based on the nonspecific detection of increased intracellular ROS levels (via the 2′, 7′-dichlorodihydrofluorescein diacetate -DCFH-DA assay) following NP exposures (104, 105) , the authors surmised that the NP-induced ROS were contributory factors resulting in DNA damage and formation of γ-H2AX foci. Additional evidence to support this conclusion was obtained when the authors observed that the formation of DSBs and the number of γ-H2AX foci were attenuated by the inclusion of ROS scavengers, e.g. catalase and N-acetylcysteine into the system (104, 105) . ENM induced or generated ROS can also react with endogenous antioxidants, such as glutathione (GSH), resulting in an imbalance (oxidative stress) in the natural levels of antioxidants and ROS in cells (2, 106) . Metal ions released from metallic NPs can also react with -SH groups on antioxidant enzymes and further decrease antioxidant levels. Oxidative damage to DNA and its transformation to DSBs is a complex process. SSBs can form from direct ROS attack on DNA, from the process of repairing oxidatively induced DNA damage and/or from replication fork collapse at sites of oxidatively induced DNA damage. All of these processes could potentially produce DSBs, leading to the production of γ-H2AX.
It is advantageous to measure γ-H2AX levels for characterizing the potential genotoxicity of ENMs. One of the advantages is that the analytical detection of γ-H2AX is highly sensitive. As described previously, a few reports indicate that the γ-H2AX staining method is as sensitive as the comet assay and pulse-field gel electrophoresis analysis for the quantification of DSBs (98, 100) . It was recently reported that γ-H2AX generated by TiO 2 NP could be detected more sensitively than DSBs detected by gel electrophoresis (107) . Another advantage is that the number of γ-H2AX foci in immunostaining is directly correlated with the formation of DSBs (98, 99) . The simplicity of the γ-H2AX detection process is also worth mentioning. The γ-H2AX can be detected by simple immunostaining or western blotting due to the ready availability of well-characterised antibodies against γ-H2AX, and by commercial immunofluorescent stains and ELISA kits. It should be noted that γ-H2AX levels vary greatly depending on the cell line and the cell cycle. Thus, it is important to measure the background γ-H2AX levels before exposing cells to ENMs. After exposing the cells to ENMs, the background γ-H2AX levels should be subtracted from the measured γ-H2AX levels due to the ENM exposure; this correction is essential when comparing different cell lines. As the time points of γ-H2AX induction and disappearance are also different between different types of ENMs and cell lines, time course studies might also be required.
Principles of the flow cytometric γ-H2AX assay
Recently, a high-throughput version of γ-H2AX staining assay for the detection and measurement of DSBs was developed: flow cytometry γ-H2AX (FC γ-H2AX ). This new assay format is especially useful for characterizing the DSB generation potential of ENMs. High-speed analysis is a fundamental characteristic of FC, e.g. tens of thousands of cells can be analysed in 1 s. Cells which are treated with ENMs are fixed and stained using either a primary γ-H2AX antibody plus a fluorescently labeled secondary antibody or a fluorescently-labeled primary γ-H2AX antibody. Preparation of a single cell suspension is required before fixation and statistically validated data on the γ-H2AX level (based on fluorescence intensity) can then be obtained quickly. One of the advantages of the FC γ-H2AX assay is that it is possible to obtain additional information regarding other cellular processes by using multiple fluorescent stains or fluorescent antibodies. For example, staining with propidium iodide (PI) can provide data regarding the cell cycle. This is important for characterizing the timing of the DNA damage response, e.g., ENM induced the formation of γ-H2AX (DSBs) during a specific phase of the cell cycle. PI intercalates into the major groove of dsDNA and produces a highly fluorescent adduct that can be excited at 488 nm with a broad emission centered around 610 nm. The fluorescence intensity reflects cellular DNA content; therefore, double-staining of γ-H2AX and DNA using fluorescein isothiocyanate (FITC; emission maximum 525 nm)-labeled antibody and PI, respectively, makes possible to show cell cycle-dependent generation of γ-H2AX (108). The enhancement of γ-H2AX after treatment with ENMs can be observed in all phases of the cell cycle, which demonstrates that DSB formation is independent of cell cycle phase and the level of cellular proliferation. On the other hand, γ-H2AX that are produced during S phase indicate that the DSBs are generated during DNA replication (due to replication fork collapse, etc.). Both ZnO NPs and CuO NPs were recently shown to produce γ-H2AX foci that were independent of the cell cycle phase, suggesting that DSB formation was due to ENM induced ROS attack on DNA and generation of excess SSBs (104) . By gating the sub-G1 fraction of the cell cycle, it is possible to delete the apoptotic cells (DNA fragmented cells). This is a major advantage of the FCM γ-H2AX assay.
When applying the FC γ-H2AX assay system to ENM exposed cells, it is best to analyse the side-scattered (SS) light simultaneously with the fluorescence signal. In the FCM flow chamber, as cells flow in single file through the light beam (488 nm laser), the light is scattered in various directions. Light that is scattered in the forward direction (typically up to 20º offset from the laser beam's axis) is called the forward-scattered light (FS). The FS intensity is correlated to the cell's size. Scattered light measured approximately at a 90º angle to the excitation line is the SS light. The SS intensity provides information about the granular content within a cell. When metallic ENMs are taken-up into cells, SS light intensity consequently increases without a change in FS light intensity (104, 109) . Simultaneous detection of SS and γ-H2AX can provide information about the relationship between ENM incorporation and DSBs formation. It should be noted that γ-H2AX foci can also be generated when metal ions are released from metallic ENMs. ENMs composed of transition metals can lead to the release of transition metal ions, e.g. CuO NPs release Cu 2+ ions. Transition metals as well as transition metal ions located in the cell nucleus can induce the formation of
• OH (due to Fenton chemistry), which subsequently attacks DNA to produce oxidatively modified DNA lesions, as well as SSBs (15, 110) . The DNA damage can transform into DSBs as described previously which induces the formation of γ-H2AX foci. Using only γ-H2AX detection, it is not possible to determine if DSBs are caused by metallic ENMs or their dissolved ions. Figure 2 shows hypothetical FCM images of dot plots indicating SS versus γ-H2AX responses after treatment with metallic ENMs. In particular, plot C illustrates the phenomenon where you might encounter low ENM uptake into cells, yet have high release of metallic ions which are able to induce DNA damage. Plot B represents the scenario where ENMs show high uptake but induce little DNA damage. It is critical to follow up with confirmatory genotoxicity assays when one observes a pattern indicating high genotoxicity as illustrated in plots A and C.
Key advantages and limitations of the technology
The FC γ-H2AX assay combined with SS analysis is ideal for characterizing the genotoxicity (DSB formation) of ENMs under highthroughput conditions; however, there is a basic issue that needs attention before the assay can be applied in practice. The staining of γ-H2AX protein molecules with antibodies is necessary and this requires the cells to be fixed using formaldehyde or ethanol. One limitation of this sample preparation procedure is that ENMs inside the cells are sometimes arbitrarily released from the cells during the fixation step. It is now also possible to simultaneously measure SS light and ROS formation in living cells by incorporating the DCFH-DA reagent into the assay system (104) . In order to enhance the capabilities of the FC γ-H2AX assay even further, the development of a specific γ-H2AX stain that is compatible with living cells is required. One possibility may involve the use of fluorescent fusion proteins. The green fluorescent protein (GFP)-fused mediator of DNA damage checkpoint 1 (MDC1) which directly binds to γ-H2AX in order to regulate cellular responses to DSBs, forms nuclear foci in the same location as γ-H2AX (111). Cells which are transfected with plasmids encoding fluorescent fusion proteins that are designed to increase their fluorescence in conjunction with increased γ-H2AX provide a potential path toward this goal. Alternatively, cells which are transfected with plasmids encoding fluorescent fusion proteins whose fluorescence intensity are enhanced by a change in intracellular distribution is another potential option. Either of these options, as well as others could lead to the FC γ-H2AX assay becoming a truly multimeasurement, high-throughput platform for characterizing the potential genotoxicity of ENMs in living cells.
The automated FADU assay
Quantification of DNA SSBs in living cells is an important endpoint in the assessment of genotoxicity. One of the available methods is the FADU assay. The original version (36) requires large numbers of cells and its manually operated steps make it technically very demanding. However, an automated version based on the use of a commercial laboratory robot with additional modifications of the assay protocol has been recently established (41, 112) . This automated version is more convenient and can be performed in a higher throughput. The main advantages are the following: agitation-free handling of the samples placed in 96-well microtiter plate to avoid shearing of the DNA; precise dispensing of solutions at a controlled rate without any mixing; accurate temperature control of the samples at all times; full protection from light at all times; reduction of the number of cells required by more than 100-fold; and finally automated performance of all the steps. The automated FADU assay essentially measures the number of DNA strand breaks in a cell population using high-throughput procedures. The assay can also measure DNA repair activity, the disappearance of DNA strand breaks, in living cells over controlled time periods. DNA repair can be evaluated in cells after the cells have been exposed to a potential DNA strand break inducer.
Principles of the automated FADU assay
The detection and measurement of DNA strand breaks (single and double) is based on progressive DNA unwinding (denaturation) under alkaline conditions and highly controlled pH, time and temperature. Denaturation begins at DNA 'open sites' like replication forks, chromosome ends, and at endogenously (metabolic ROS production) or exogenously (irradiation, chemical compounds) induced DNA strand breaks. Furthermore, DNA SSBs induced by DNA repair enzymes, such as formamidopyrimidine DNA glycosylase (Fpg), can be also detected in a cell-free system using plasmid DNA. In order to monitor DNA unwinding, a fluorescent dye (SybrGreen®), that binds to dsDNA is used. Low fluorescence intensity indicates high DNA unwinding and consequently a greater number of DNA strand breaks.
For suspension cells, treatment with DNA damaging agents can take place in 2 ml tubes. The number of tubes depends on the treatment points and necessary controls (Figure 3 ). After treatment, the tubes are transferred in a pre-cooled rack and placed in the robot workspace. The first automated step is to add ice-cold suspension buffer to the samples. The temperature of the samples decreases which mitigates (or stops) any further cellular reactions. The diluted cell suspensions are immediately transferred into pre-cooled 96-well plates (in replicate). For adherent cells, cells are incubated in a 96-well plate until they attach to the surface. After the treatment medium is removed, the plate is placed onto the pre-cooled plateholder in the robot workspace. Next, lysis buffer is added to each well (containing suspension or adherent cells) and the plate is incubated for 12 min in order to break the cell membranes and expose DNA to the unwinding process. Lysis buffer also denatures and inactivates cell proteins, therefore the simultaneous addition of lysis buffer to all wells ensures the inhibition of any further cellular reactions in all of the samples at the same time. Next, ice-cold alkaline buffer is gently added onto the top of the lysates and incubated for 5 min, allowing the buffer to slowly diffuse into the cell lysate layer. Further incubation at 30°C begins the DNA unwinding process. After 60 min, the DNA denaturation process is stopped by addition of neutralisation buffer. Finally, SYBR Green dye is added into all wells and fluorometric detection is performed.
In order to determine the amount of intact dsDNA (DNA that has not been unwound) remaining in a cell lysate, neutralisation buffer is added before the alkaline unwinding solution. This control value is called the 'T-value' and set as 100% of DNA amount. Endogenous DNA damage can be assessed in samples, which are not exposed to external DNA damaging agents, resulting in the so called 'P0 value' (Figure 4) (113) . All steps, beginning from the addition of suspension buffer until SybrGreen staining, are fully automated using a modified commercially available pipetting robot. Detailed information about the automated FADU assay for detecting DNA strand breaks has been published previously (112, 114) .
Modifications of the automated FADU assay
Modifications to the original FADU assay have been incorporated in order to allow efficient measurement of DNA crosslinks (DNA-DNA crosslinks) in human cells (115) , as well as oxidatively induced DNA base damage in plasmid and mitochondrial DNA (116, 117) .
Detection of crosslinks
The automated FADU assay can be applied to the detection of interstrand crosslinks (ICL) based on the prevention of time-dependent alkaline unwinding of dsDNA. Interstrand crosslinks consist of a covalent bond between complementary DNA strands, which cannot be unwound under alkaline conditions. Interstrand crosslinks can be measured indirectly by inducing large numbers of DNA strand breaks, which causes high alkali unwinding. In the presence of crosslinks, the unwinding level decreases. Human peripheral blood mononuclear cells (PBMC) exposed to the model compounds mitomycin C, melphalan and sulphur mustard were used for detecting ICLs (115) .
Detection of 8-oxodG
Free radical induced oxidation of 2′-deoxyguanosine (dG) to 8-oxo-2′-deoxyguanosine (8-oxodG) is a major type of oxidatively induced DNA base damage. The detection and measurement of 8-oxodG levels in genomic DNA is commonly pursued in the DNA damage and repair research community and 8-oxodG is considered an established biomarker for oxidative stress (110) . Importantly, 8-oxodG can be converted to mutations in proliferating cells, therefore it may play an important role in carcinogenesis (118) . High-performance liquid chromatography (HPLC) with electrochemical (EC) detection, gas chromatography-mass spectrometry (GC-MS) and LC tandem mass spectrometry (LC-MS/MS) have been used for the detection of 8-oxodG levels (119) (120) (121) . The automated FADU assay has been further developed and modified for detecting oxidatively induced DNA lesions and for testing for the effects of antioxidants on lesion formation using plasmid DNA; results from this study demonstrated good correlation with 8-oxodG levels as measured by LC-MS/MS (117) . Due to a decreased operation time and high throughput of an automated procedure, the FADU-Fpg method offers a potentially useful tool for screening compounds that are capable of inducing oxidatively induced DNA damage, as well as a tool for screening compounds with antioxidant properties.
Mathematical modeling of radiation-induced DNA strand breaks using the FADU assay As mentioned previously, the FADU assay uses a fluorescence dye that determines the remaining dsDNA. The intensity of the fluorescence signal is inversely related to the number of DNA strand breaks: with increasing DNA strand breaks the fluorescence signal decreases. As reported in the literature, the number of strand breaks increases linearly with the dose of radiation applied (48, 61) . However, there is a non-linear relationship between fluorescence intensity and the radiation dose, especially at high radiation doses where the fluorescence intensity reaches a plateau. In order to quantify DNA strand breaks using the FADU assay, the percentage of dsDNA remaining after the alkaline unwinding or the decadic logarithm of the intensity has been used (41, 112) . However, in order to capture the non-linear relationship more precisely a mathematical model has been established (122) .
Applications of the FADU assay
The automated FADU assay provides an accurate method for screening of genotoxic agents, including chemicals and ENMs. Numerous in vitro and in vivo studies have demonstrated that ENMs have the potential to induce DNA damage (19) (20) (21) . For instance, zinc oxide nanoparticles (ZnO NPs) have been shown to exhibit genotoxic, clastogenic and cytotoxic effects (123) . Zinc oxide nanoparticles are highly important due to their current and potential applications in biosensors, sunscreens, cosmetics, medicine and nutrition amongst others (124) . The automated FADU assay has recently been shown to be a suitable method for detecting and measuring DNA strand breaks in cells exposed to ZnO NPs (41) . In this preliminary study, A549 cells were exposed to increasing concentrations (0.4-160 μg/ ml) of ZnO NPs up to 3 h and then the cells were analysed for levels of NP induced DNA damage. The key finding from this study was that the ZnO NPs induced significant levels of strand breaks only at the highest NP dose (3 h exposure period). Distinct formation of strand breaks from the assay positive controls demonstrated that the assay was performing as expected. The study demonstrates the potential of applying the high throughput capabilities of the FADU assay toward the future screening of large numbers of ENMs. There is an established concern that the use of animal models for genotoxicity testing is inappropriate because animal models do not mirror toxicity in humans very well. As a consequence, mammalian cellbased alternatives to typical animal-based clastogenicity assays are needed for early screening of mammalian genotoxicity (65) . The automated FADU assay is a cell-based in vitro system, which is well suited for the measurement of DNA strand breaks in different types of human cell lines (125, 126) , as well as in primary human cells such as PBMCs, lymphocytes (126) (127) (128) (129) and/or fibroblast (130) obtained from different subjects. The automated FADU offers an alternative method for reducing animal use during genotoxicity risk assessments. Furthermore the automated FADU assay has been applied successfully in human biomonitoring for such cases as: the assessment of DNA damage in Alzheimer's patients (131) , associations of subjective vitality with DNA damage, cardiovascular disease risk factors and physical performance (132) , characterizing the influence of age, gender (133) and genetic and environmental factors (134) on DNA strand break generation and investigating the effects of psychotherapy on DNA strand breaks levels in post-traumatic stress disorders (135) . Such strategies related directly to humans are needed rather than attempting to extrapolate results across species.
Key advantages and limitations of the technology
One of the main advantages of the recently automated FADU assay for ENM (and chemical) genotoxicity studies is its 96 well plate, high throughput sample preparation and sample processing capabilities. ENM sample throughput is further enhanced through the use of a dedicated robotic liquid handling device (LHD). The use of the LHD also reduces user bias because all of the pipetting is performed automatically. The 96-well plate format of the assay also allows one to efficiently perform DNA repair kinetic studies. As far as sensitive strand breaks detection is concerned, the liquid-phase fluorescent readout is fast and unbiased and the overall analytical limit of detection is 0.13 Gy based on the detection of ionizing radiation induced strand breaks (112) , which compares well with the reported limit of detection (0.03 Gy) for ionizing radiation induced SSBs measured by the comet assay (136) . Since DNA strand breaks are calculated based on the read out of fluorescence signal, this might become a problem for substances or reagents that quench or enhance fluorescence. However, this problem can be overcome by including additional controls. The effects of those factors on the fluorescence signal can be taken into consideration and values can be recalculated and corrected for artefactual fluorescence quenching or enhancement. One important limitation of the FADU assay for ENM genotoxicity applications is that it is not currently possible to archive ENM exposed samples after they have been processed with the FADU assay. Because the fluorescence detection readout is solution based, the samples cannot be stored (dried, refrigerated or frozen) for re-analysis at future time points due to quenching and/or degradation of the fluorescent signal. Furthermore, in the FADU assay, the unwinding process takes place starting from both SSBs and DSBs. Therefore, in order to determine the type of DNA strand breaks induced by a particular ENM or other strand break inducer, additional more selective assays will need to be performed. A good correlation in the detection of 8-oxodG levels measured by LC-MS/MS and FADU assay has been demonstrated in plasmid DNA (117) . However, cell based detection of 8-oxodG using the FADU assay has challenges and has not been established yet. Therefore, another limitation of the assay is that potential cell based studies on DNA repair enzymes can not be initiated due to repair enzyme incompatibilities with critical components in the assay lysis buffer, i.e. urea. This limitation makes difficult to compare FADU assay results against comet assay results. For instance, the European Standards Committee on Oxidative DNA Damage (ESCODD) reported discrepancies between HPLC techniques and the enzymatic approach using the Fpg-comet assay (137) . In this study, the DNA isolation procedure necessary for HPLC analysis might have induced additional DNA damage influencing the final measurement and could be responsible for the discrepancies between the HPLC and comet assay measurements.
However, in the future there may be ways to further modify the FADU assay to overcome the current technical limitations. In summary, the automated FADU assay greatly facilitates analyses of DNA damage in a variety of settings and provides a reliable, convenient and non-biased method for measuring endogenous DNA damage in both human biomonitoring and ENM genotoxicity studies. The FADU assay also finds application in the fields of (i) toxicology and pharmacology by assessing genotoxicity of chemicals and ENM; (ii) in occupational and environmental science by biomonitoring human populations for exposure to genotoxic agents; (iii) in nutritional research by investigating the protective effect of antioxidants and in (iv) medical science by monitoring DNA repair capacity in various diseases, particularly in cancer research.
The ToxTracker reporter assay
An attractive approach to enable high-throughput analyses of a range of ENMs is to use reporter cell lines that are constructed to fluoresce upon activation of certain signaling pathways. For genotoxicity, one of the most extensively validated reporter gene tests is the GreenScreen HC assay. This fluorescent reporter assay uses the GADD45α (growth arrest and DNA damage inducible alpha) gene promoter fused to a GFP marker for the detection of genotoxic agents in p53-competent human-derived TK6 cells (138) . When testing the the European Centre for the Validation of Alternative Methods (ECVAM) recommended lists of genotoxic and nongenotoxic chemicals for assessment of new genotoxicity tests, the GreenScreen HC assays showed good sensitivity and specificity (139) . More recently, the BlueScreen HC, a luciferase-based version of the GADD45α reporter assay, was described (140) , and this assay has also been developed into a 384-well version (141) . GADD45α is a member of the growth arrest and DNA damage (GADD) proteins that are induced upon various cellular stresses, including nutrient deprivation, oxidative stress and DNA damage (142) .
To obtain more specific insight into different mechanisms of (geno)toxicity, a combination of various reporter cell lines will be required. In order to meet this need, the ToxTracker assay was developed by Hendriks and co-workers (43, 143) . The assay consists of a panel of six mouse embryonic stem (mES) cell lines that each contains a different GFP-tagged reporter for a distinct cellular signaling pathway. These reporters were constructed by first performing whole-genome transcription analysis of mES cells exposed to different classes of chemicals in order to identify specific biomarker genes. Next, GFP reporters were generated by bacterial artificial chromosome (BAC) recombineering. The assay was adapted to a 96-well plate format, thus enabling medium/high-throughput screening. The assay procedure is very straightforward; the reporter cells are exposed to the ENMs in the 96-well plates, typically for 24 h, and the fluorescence in live cells is examined by flow cytometry. Assessment of reporter activation by flow cytometry has the advantage that it allows detection of GFP reporter induction in individual viable cells.
The original ToxTracker assay consisted of two reporter cell lines. The DNA damage reporter Bscl2 (encodes a protein called Seipin) depends on the ATR (ataxia telangiectasia mutated and Rad3-related)-associated DNA damage signaling pathway, and is selectively activated after exposure to genotoxic agents and the subsequent interference with DNA replication. Furthermore, the Srxn1 (encodes the sulfiredoxin-1 protein) reporter is preferentially induced upon oxidative stress and is part of the Nrf2 (Nuclear Factor, Erythroid Derived 2, Like 2) antioxidant response pathway. By using these two reporters, it is thus possible to differentiate between compounds that are directly DNA-damaging and those that mainly act via oxidative stress.
Recently, the ToxTracker assay was expanded with four additional reporters. The Rtkn reporter is a second DNA damage reporter that is associated with NFκB signaling (143) . As a second reporter for oxidative stress, Blvrb (encodes an oxidoreductase) was constructed as a reporter gene being independent of Nrf2 signaling. In addition to DNA damage and induction of ROS production, protein unfolding has been associated with carcinogenicity. Accumulation of misfolded proteins in the cytosol is recognised by heat shock proteins (HSP). As a reporter for protein unfolding, the Ddit3 reporter was constructed. Finally, the Btg2 reporter gene is controlled by p53 and is activated by various types of cellular stress. Thus, the ToxTracker assay now consist of six different reporter cell lines that detect DNA damage, oxidative stress, protein unfolding and general cellular stress, see Table 1 and Figure 5 . In a recent study, an extensive validation using the compound library suggested by ECVAM was performed and the result showed that the ToxTracker assay had an outstanding sensitivity and specificity for the detection of human genotoxins (143) .
Application of the technique to nanomaterial genotoxicity investigations
In published and unpublished studies, Karlsson and Hendriks have used the ToxTracker assay for testing 24 different ENMs. In the published study (102) , the ability of the ToxTracker assay to identify the hazardous properties and underlying mechanisms of a panel of metal oxide-and AgNPs, as well as a selection of non-metallic materials (diesel, carbon nanotubes and quartz) using three of the reporter cell lines were evaluated. The reporter cells were able to take up NPs, and furthermore, exposure to CuO, NiO and ZnO NPs as well as to quartz (used as a benchmark particle) resulted in activation of the oxidative stress reporter (Srxn1), although only at high cytotoxicity for ZnO. Nickel oxide NPs also activated the p53-associated cellular stress response (Btg2), indicating additional reactive properties. Conventional assays for genotoxicity assessment (comet assay, γ-H2AX staining) confirmed the response observed in the ToxTracker assay. A comparison was also made between the NPs and the metals in ionic form, and it was concluded that for CuO NPs, the released Cu ions species contributed to the effects, whereas for NiO, the reporter response was related to the particles per se. The DNA replication stress-induced reporter (Bscl2), which is most strongly associated with carcinogenicity, was not activated by any of the tested NPs. The AgNPs included in the study showed no effect in the reporter cell lines. This was in contrast to a previous study on the same AgNPs using BEAS-2B cells in which an increase in DNA damage (comet assay) was observed with clear effects on viability for the smallest (10 nm) AgNPs (144) .
In unpublished studies, Karlsson and colleagues have extended the toxicity screening of ENMs by investigating quantum dots (CdTe) of various sizes and found clear size-dependent effects in terms of oxidative stress reporter activation and cell viability. Of all ENMs tested so far, the Nrf2 dependent oxidative stress reporter (Srxn1) seems to be the one that is most sensitive following exposure to metal-and metal oxide ENMs. Furthermore, the ENMs with the lowest LC50 values were the smallest QDs (1.5 nm), as well as the metallic nickel ENMs, with LC50 values of approximately 1.5 μg/ml. As of now, none of the tested ENMs clearly induced the Bcl2 reporter indicating that, most likely, none of the tested ENMs could directly bind to DNA and cause stalled replication forks. Interestingly, cobalt (Co) NPs induced the Rtkn reporter suggesting DNA damage and NFκB signaling. Cobalt dust has been reported to cause lung cancer in 2-y inhalation studies in rats and mice (145) .
Key advantages and limitations of the technology
There are several advantages with using the ToxTracker assay in ENM genotoxicity studies. The mES cells that are used in the ToxTracker assay are untransformed, proficient in all major DNA damage and cellular stress response pathways and have been shown to efficiently engulf ENMs (102) . The assay has shown good sensitivity and specificity for detecting genotoxic compounds when evaluated using a wide range of genotoxic and non-genotoxic chemicals (143) . The ENMs tested so far have shown various effects, some being highly toxic and efficiently inducing one or several of the reporters and others showing no effects at all. In all, this indicates that the ToxTracker reporter cell assay can be applied as a rapid mechanism-based tool for assessing the potential genotoxic effects of ENMs. The assay is adapted to a 96-well plate format thus enabling medium/high-throughput screening. As for all assays relying on fluorescence, possible assay-interactions may be found for fluorescent ENMs, but this can easily be tested for by using the mES cells without the reporter gene. Another possible limitation could be dark ENMs that may scatter the fluorescence. For most ENMs, however, an interaction that substantially may influence the results appears unlikely at this point. Since the method is rapid and no processing of the cells (DNA extraction, etc.) is needed, it seems plausible that no assay-interactions occur for most ENMs. In conclusion, the ToxTracker reporter assay seems to be very promising for rapidly assessing the genotoxicity potential of ENMs.
Future perspectives
As noted, the emerging uses of ENMs in biological and environmental applications, such as medicine and agriculture, necessitate the comprehensive characterisation of ENM interactions with specific molecular targets within these systems. While this remains a very complex objective, our understanding of the interactions between ENMs and biological and environmental systems has dramatically improved over recent years (146) . Innovative physicochemical characterisation methods, development and optimisation of toxicity assays, and improved analytical tools have enabled these advances towards the overall goal of safely incorporating nanotechnology into our society.
However, there are many areas in which high-throughput nanotoxicity assays can be improved, particularly with respect to metrology. Currently, there has been no consensus regarding assays and protocols that should be used to analyse the in vitro toxicity of ENMs. Likewise, no clear standard and/or regulatory guidelines on testing and evaluation are available at present (147) . High-throughput assays, while promising, should be validated against more conventional assays before their use in a regulatory setting. Of great concern, however, is the difficulty in validating the many different assays for the many different possible ENMs (148) . A major concern here is the low throughput of ENM characterisation techniques, which reduces the overall efficiency of (150) would not only lead to more rapid ENM characterisation, but conceptually, could facilitate new instruments having the ability to simultaneously characterise and assess in a high-throughput fashion. For example, flow cytometry has been used to measure cell viability while simultaneously measuring whether ENMs interacted with the cell membrane or entered the cells (151, 152) ; combining this technique with in-line ENM characterisation tools could enhance our ability for prompt assessments.
As previously noted, comprehensive characterisation of ENMs is critical, as the physicochemical properties of ENMs vary from material to material and with their environment (dry powder, water suspension, biological media, etc.); factors that can artificially influence assay results and hinder their validation (10) . In addition, each assay operates on a different basis, which can make it difficult to cross-correlate outcomes between different assays, an important step in the validation process (147) . To help facilitate these goals, standardised protocols (principally with respect to ENM handling) are needed, along with improved control and reference materials. An exemplary goal would be the development of a DNA or cellbased reference material with quantified amounts and types of damage (e.g. single/DSBs, etc.) for use as a positive control in toxicity assays. However, such materials would be quite challenging to produce, given the high unpredictability of biological entities. Perhaps more readily available would be ENM reference materials (with well-defined and consistent physicochemical properties) that have been validated for use as positive or negative controls in multiple Figure 5 . The ToxTracker assay applies a panel of six independent GFP-based reporter cell lines for detection of DNA damage, oxidative stress and protein unfolding. ToxTracker identifies activation of the ATR and Nf-KB-associated DNA damage responses by the Bscl2-GFP and Rtkn-GFP reporters, respectively. Induction of oxidative stress is established by the Srxn1-GFP and Blvrb-GFP reporters. The Ddit3-GFP reporter indicates activation of the unfolded protein response and the Btg2-GFP reporter detects activation of the p53 cellular stress response. Induction of the GFP reporters, as well as cytotoxicity, is determined by flow cytometry. Data analysis and visualisation of the results are performed by the Toxplot software platform. toxicity assays; such materials are already being pursued by the research community (153) . Validation of such materials is not trivial and would require rigorous comparative studies using robust assays that have been examined for ENM interference (10, 11) . Improved nanotoxicity assays will greatly benefit all realms of nanotechnology, one in particular being precision nanomedicine.
The primary conceptual goal of precision medicine can be briefly summarised as identifying and delivering a specific treatment to a patient based on their specific physiology, with minimal adverse effects (154) . Due to their sizes on the scale of biological entities (DNA, proteins, etc.) and the vast potential for physicochemical property customisation, ENMs show much promise for precision medicine applications, including site-specific (i.e. cancer cell) cytotoxicity (155) , localised drug-delivery vehicles (156) , bioimaging agents (157) and diagnostic testing assays (158) . While some ENM-based systems are already undergoing evaluation in clinical trials (159) , there is still a need for developing more accurate, reproducible and high throughput methods for evaluating ENMs for precision medicine applications. This is especially true within the realm of precision oncology, where the high profile nature of the disease, the need for developing more effective and less damaging treatments, and the large degree of physiological variability among different types cancers (160) creates a scenario where the ability to quickly assess the biophysicochemical interactions of ENMs could have a significant impact on the field.
Towards the goal of understanding biophysicochemical interactions of ENMs, high-throughput nanotoxicity assays, as described previously, are typically used to evaluate the potential cytotoxic and genotoxic responses of ENM exposures. In this traditional sense, ENMs are being subjected to hazard assessment, to measure their levels of toxicity to biological and environmental entities. However, the underlying goal of cancer treatment is the elimination of cancer cells, one mechanism of which is the induction of cytotoxicity (potentially via genotoxicity). With this in mind, high-throughput genotoxicity assays could be adapted for use as both toxicity reporter measurement tools and as toxicity efficacy measurement tools. This concept is not foreign in the area of drug design, where high-throughput assays have been used as evaluative anticancer activity screens of molecular drugs for several years (161) . Similar application of this ideology to ENMs could rapidly advance the use of ENMs for oncology applications, a simple change in perspective that could revolutionise cancer treatment. For example, the high-throughput imaging method described by Harris et al. (162) could be adapted for use with cancer cells. Likewise, the impedance-based spectroscopic method developed by Paget and Sergent et al. (151) does not require the use of dyes or markers and could also be used to identify critical time-points through its real-time monitoring of potential ENM toxic effects if used with cancer cells. By modifying assays in this fashion, hundreds, if not thousands of potential therapeutic ENMs could be rapidly assayed for their ability to induce toxic outcomes specifically in cancer cells and not in normal cells.
